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Abstract
This thesis discusses possible causes of failure and potential condition indicators
that may be used to monitor the condition of the insulation system of a subsea
connector. The main focus is to describe how high frequency capacitive couplers
can be used to detect the presence of partial discharges in subsea connectors. Fac-
tors relevant to the sensitivity and implementation of high frequency capacitive
couplers are discussed and an approximate model of the coupler is created.
The experimental work were conducted at the high voltage laboratory at NT-
NU/SINTEF Energy Research where capacitive couplers were constructed using
copper foil before being mounted on the outer semi-conductive screen of a 12
kV medium voltage cable. The functionality and sensitivity of the couplers were
investigated with both pulses from a calibrator and real partial discharges. The
signal received from the capacitive couplers was analyzed using a spectrum ana-
lyzer and the signal power was compared to the measured apparent charge from
a conventional partial discharge measuring setup.
The results show that by connecting a simple high frequency capacitive coupler,
mounted on the outside of the outer semi-conductive layer to a spectrum analyzer,
partial discharges can be detected. The experiments suggest that calibration sig-
nals down to a magnitude equivalent of an apparent discharge of 2 pC can be
detected, depending on the location of the discharge. The frequency spectrum
of the partial discharge signal is shown to be dependent on the type of discharge
and the measured signal magnitude increases with increasing partial discharge
activity. Based on the results obtained it was concluded that high frequency
capacitive couplers is a promising way of detecting and monitoring partial dis-
charges for the purpose of on-line condition monitoring of high voltage subsea
connectors.
iii

Sammendrag
Denne oppgaven diskuterer potensielle tilstandsindikatorer som kan være egnet
for a˚ overv˚ake tilstanden til isolasjonssystemet til en undervannskonnektor. Hov-
edfokuset er a˚ beskrive hvordan en høyfrekvent kapasitiv sensor kan brukes til a˚
detektere partielle utladninger. Faktorer relevant for sensitiviteten til sensorene
er diskutert og en forenklet kretsmodel av sensoren er laget. Den eksperimentelle
delen av oppgaven blir gjort i høyspenningslaboratoriet til NTNU/Sintef Energi.
Her er høyfrekvente sensorer laget ved hjelp av kobberfolie som blir loddet sam-
men utenp˚a en 12 kV mellomspenningskabel. Ved hjelp av en kalibrator som
sender ut pulser med en gitt ladning, blir sensitiviteten sammenlignet med en
konvensjonell m˚aling av partielle utladninger. For a˚ teste funksjonaliteten og
hvordan m˚alingene blir p˚avirket av sensor konstruksjonen blir sensorene testet
for korona utladninger og overflateutladninger i luft. En spektrumsanalysator blir
brukt for a˚ analysere frekvensspekteret og signalstyrken fra sensorene ved ulike
partielle utladninger. Resultatene viser at partielle utladninger kan m˚ales ved
hjelp av en enkel kobberfolie montert p˚a utsiden av ytre halvleder, koblet til en
frekvensanalysator. Forsøkene viser at en slik sensor kan ha en sensitivitet som er
lik eller bedre enn konvensjonelle m˚alinger av partielle utladninger. Sensoren var
i stand til a˚ plukke opp pulser sendt fra en kalibrator, helt ned til 2 pC. Siden en
slik sensor monteres p˚a utsiden av ytre halvleder vil den ikke p˚avirke isolasjon-
ssystemet. En slik sensor kan ogs˚a brukes til a˚ overv˚ake partielle utladninger
under normal drift, i motsetning til en konvensjonell m˚aling av partielle utlad-
ninger som krever at utstyret tas ut av drift. Ma˚lingene av frekvensspekteret til
korona utladninger og overflateutladninger viser at forskjellige typer utladninger
gir ett forskjellig frekvensspekter. Overflateutladninger er det mulig a˚ m˚ale i
nesten hele m˚alomr˚adet fra 10 MHz til 1 GHz. Koronautladninger har derimot
mesteparten av signalstyrken under 500 MHz. Det er vist at den m˚alte signal-
styrken er avhengig av størrelsen p˚a de partielle utladningene. Basert p˚a dette,
konkluderer denne oppgaven med at en enkel høyfrekvent kapasitiv sensor er en
lovende metode for a˚ detektere og overv˚ake utladningsaktivitet med det form˚al
a˚ overv˚ake tilstanden til en høyspent undervannskonnektor.
v
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1. Introduction
The oil and gas business is today faced with a big challenge; most of the world’s
easily available resources are being rapidly depleted. In order to supply a growing
demand, new solutions are needed. Fields and areas that before were deemed
unprofitable due to long distances to shore or harsh environment are attracting
more and more attention. Another trend is to increase the recovery from existing
fields. This is done by the use of boosting pumps and compressors placed on
the sea floor as close to the well as possible. This equipment has a high power
demand ranging from some hundred kW to tens of megawatts. The Ormen
Lange gas compression project, if completed, would require more than 50 MW
of power with all consumers in operation [1]. The increasing need of power and
the increasing length of the power umbilical will require higher voltages than
what is currently used subsea. One of the biggest problems with increasing the
voltage is the requirements for the terminations of the power umbilicals. The
connectors used subsea is usually oil filled and are to be placed potentially at
depths up to 3000 meter. This can be a big challenge as water ingress into a
liquid dielectric strongly affects the performance of the insulation. Because of the
large cost related to shutdown there is a growing trend to integrate condition and
performance monitoring (CPM) functionality into the equipment placed subsea
[2]. This enables the operators to monitor the condition in real-time enabling
preventive maintenance to be done during planned shut-downs. The Gjøa field is
one of the first subsea fields to be equipped with CPM systems [3]. By comparing
the measurements to approximated equipment tolerances, the condition of the
equipment is presented to the operator in percent. Today mostly mechanical
parameters are being monitored. In traditional subsea installations mechanical
parameters is more than enough to give a good indication on the performance
of the installation. However, in fields with high voltage components, there is
little knowledge on one of the most important parameters, the condition of the
insulation system. To be able to ensure stable production and minimize downtime
it would be very beneficial to know the condition of these components.
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1.1. Subsea connectors
More and more of the equipment that earlier was placed on big oil and gas
platforms are now being placed subsea, many of which consume power in the
MW range. It is evident that as more power hungry equipment is placed subsea
the need for new solutions for the supply of power is needed. Depending on
the location of the field, the power can be supplied either from shore or a nearby
processing facility such as a platform or floating production storage and oﬄoading
facility (FPSO). Today most power intensive subsea equipment is placed in close
proximity to existing facilities. The equipment can then be supplied directly
of relatively short cables. When the cable length increases, higher transmission
voltages are required. This results in the need of a subsea transformer thus
increasing the complexity and cost significantly.
There are several ways of connecting the power consumers to the power supply.
It can in many cases be needed to be able to retrieve a pump or a transformer to
the surface for repair. To perform this task as pain free as possible, a wet mate
connector is required. This connector is able to be connected and disconnected
subsea. This enables the equipment to the disconnected before retrieved and
connected after being installed. Other connectors often used are dry-mate con-
nectors. This type requires equipment to be connected on a vessel before being
lowered together with the cable to the seafloor.
Figure 1.1.: Siemens Subsea SpecTRON 10 wet-mate connector. 10 kV, 630 A
[4]
The final type of connector being used subsea is a penetrator. This is not really
a connector; it is a cable termination that enables high voltage cables to be feed
through a wall in the equipment. These connectors can often withstand high
differential pressures and thereby makes it possible to connect equipment that
requires a 1 atm environment.
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1.2. Condition monitoring of high voltage apparatus
Assessing the condition of high voltage apparatus is a complex task that requires
detailed knowledge and statistics on the causes of failure and indicators that can
be measured. The indicators can be of an optical, mechanical or electrical nature
depending on the functionality and construction of the individual components of
the high voltage apparatus to be tested. Examples of mechanical indicators can
be to measure the time taken for separating the contacts on a circuit breaker,
and/or measuring vibrations during the operation. By doing a Fast Fourier Trans-
form (FFT) of the vibrations mechanical wear and tear can be analyzed for the
individual sub components of the mechanism. Optical analysis can be a visual
inspection of known failures such as cracks and visible tear. It could also mean
using optical fibers to measure temperature or visible discharges in the insulation.
Electrical analysis can be used to detect a wide array of faults and is the most
common way of analyzing solid insulation. There are several different tests that
could be done, and the most common ones are perhaps measuring the resistance
in the insulation or measure partial discharge activity. Condition assessment can
also be done chemically by analyzing for example the oil in a transformer. The
dissolved gases in the transformer oil can be analyzed and by looking at the
relation between the different gases, different types of faults can be identified.
Condition assessment can be done either by removing the component from op-
eration or doing measurement during service. Whether the measurement can be
done on-line or off-line depends on the nature of the measurement being done.
Today measurements are done periodically on the most valuable equipment, or
on old equipment to verify the current condition. Some of the techniques can also
be used continuously during operation to monitor the condition of the equipment.
This enables a much more accurate condition assessment by being able to observe
trends. Today this is rarely used due to the cost and the lack of knowledge in
analyzing the results. There are several ways of assessing the condition of high
voltage insulation depending on the type of insulation and the physical availabil-
ity. For a composite insulation system such as a high voltage connector there is
a combination of liquid and solid insulation. For a solid insulation such as cable
systems, the insulation is often assessed by the means of a resistance measure-
ment between the conductor and ground. Another common way of assessing a
cable system is to measure the dielectric response. Normally it requires that the
section to be assessed need to be removed and tested in a lab. For short sections
of cable, measurements on partial discharges can be done.
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1.3. Scope of the thesis
To be able to monitor the condition of a component, three main things are needed:
• Reliable, measurable condition indicators
• Techniques and equipment that are able to measure the condition indicators
• A system layer that are able to relate the measured values to the probability
of failure
The main focus of this thesis is to look at partial discharge detection using high
frequency capacitive couplers as a possible way of monitoring the condition of a
liquid-filled subsea connector.
The scope of this thesis is to review and discuss:
• Possible condition indicators for a liquid filled subsea connector
• High frequency capacitive couplers for partial discharge detection
Based on a review on possible condition indicators, a solution based on high
frequency capacitive couplers are chosen for further evaluation. A circuit model
for the capacitive coupler is established and factors affecting the performance of
the coupler are shown. High frequency capacitive couplers are then created and
tested for different types of partial discharges.
1.4. Structure
Based on the problem description thesis is divided in five main parts:
Chapter 3 A literature review on:
• Subsea connectors and a discussion on possible failure mechanisms
• Factors influencing breakdown in a liquid insulation system
• Earlier experiments on the effect of relative humidity on the breakdown
voltage of liquid insulation
• Partial discharge types and mechanisms
• The detection of partial discharges using conventional and high frequency
techniques
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Chapter 4
• Suggestions for the choice of sensors for condition monitoring of a subsea
connector
• Development of a circuit model for a high frequency capacitive coupler
• Simulations showing the effect of changing the parameters of the coupler
Chapter 5
• Preparation of a cable sample for partial discharge measurements
• Construction of a high frequency capacitive coupler
• Description of the test methodology
Chapter 6
• High frequency and IEC 60270 type calibration of the conventional partial
discharge measurement system
• Sensitivity test of the high frequency capacitive couplers by comparison
with the measured apparent discharge from a conventional partial discharge
measurement system
• Measurements on the high frequency attenuation of traveling waves
• Functionality testing of the high frequency capacitive coupler for corona
discharges and surface discharges in air
• Attempts of measuring partial discharge activity in an oil filled test-cell
with a geometry similar to that of a subsea connector
• Effects of changing the sensor geometry
• Suggestions for potential implementation of high frequency capacitive cou-
plers in a subsea connector
Chapter 7
Conclusion and further work
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2.1. Subsea connectors
There are two main types of high voltage wet-mate connectors being used today.
One is the Mecon connector from VetcoGray, the other one is SpecTRON from
Siemens. These use two distinctively different principles for mating. One thing
they have in common however is that both are oil filled and uses two oil chambers
as barriers in addition to the solid insulation. The Mecon connector achieves the
mating by use of intermediate piece of equipment referred to as a mini-spool.
The purpose of the mini-spool is to flush the space between the male and female
contact with a dielectric fluid. The mini-spool is flushed with the use of a ROV
tool. All this enables a secure and stable connection, free from seawater [5].
Figure 2.1.: Mating sequence principle for a VetcoGray Mecon connector [5]
The SpecTRON connector has a far simpler approach. A male contact engages
a female shuttle pin. As the male contact moves towards the female contact it
passes through diaphragms at each of the two separate oil chambers, making
sure to wipe off all traces of seawater and other potential contaminants. The
7
2. Literature review
main disadvantage with this approach is that there is no method to service the
connector in the case of water or particle ingress.
Figure 2.2.: Mating sequence principle for a Siemens SpecTRON connector [4]
In this thesis, wet-mate connectors operating on the principle of a controlled en-
vironment is considered. The Tronic connector is an example of such a connector.
In a connector operating of the principle of a controlled environment, there are
two separate insulation systems. Two oil chambers are used, one inside the other,
separated by a diaphragm as shown in Figure 2.3. When mating the connector,
the male contact engages a spring loaded guide pin. The male contact pushes the
guide pin into the connector until it reaches the female contacts inside the inner
oil chamber. When mated the connector insulation system consists of a solid-oil
insulation system as shown in Figure 2.3.
8
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Figure 2.3.: Simplified description of the insulation system of a subsea connector
operating on the controlled environment principle
2.1.1. Causes of failure
A subsea wet-mate connector such as the one seen in Figure 1.1 uses a combi-
nation of solid and liquid insulation. The main potential week spots in such a
configuration will be the interface between the solid insulation and the liquid
dielectric.
As will be described in Section 2.2.6, water intrusion affects the performance of
insulating oil significantly. Water can enter the insulation system of the connector
in a number of ways. The most probable is diffusion through the outer diaphragm.
In addition water may leak into the oil during mating. The cause of this may
be dirt or water residue on the guide pin and/or mechanical damage on the
diaphragms. Some diffusion through the diaphragms will always occur, but is a
slow process. This will cause a slow gradual increase in the relative humidity in
the connector. This increase could be easily measurable with the right sensor.
The seal between the guide pin and the connector is never perfect. Insufficient
contact pressure between the seal and the guide pin may potentially cause a thin
conductive layer to form on the guide pin, as shown in Figure 2.6. This may
cause surface discharges along the guide pin, potentially causing tracking and
eventually breakdown.
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Figure 2.4.: Dirt on the male guide pin
Figure 2.5.: Water ingress in a subsea connector
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Figure 2.6.: Water film on the surface of the male guide pin
By doing a simplified finite element analysis of a geometry similar to a subsea
connector, possible problem areas can be identified as shown in Figure 2.7. It is
here shown two main areas of high electric field stress. The area witch the male
guide pin enters the first diaphragm has the highest electric field stress. If not
properly addressed with electric field grading this area might cause a problem
depending on the voltage level and on the material used for the guide pin and
diaphragm. When just plotting the component of the electric field parallel to
the guide pin, it is shown in Figure 2.8 that surface discharges might occur near
the contacts and the first diaphragm, depending on the materials used and the
voltage level.
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Figure 2.7.: Example of a contour plot showing the electric field distribution
Figure 2.8.: Surface plot of the x-component of the electric field
The combination of areas with high electric field parallel to the guide pin and
contaminants such as water may cause tracking or arcing across the dry-bands
between the contaminants as shown in Figure 2.9.
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Figure 2.9.: Arcing across dry-bands on the male guide pin
2.2. Liquid breakdown
There are several different dielectric fluids used as insulating medium depending
on the application. The most common liquids that are used are
• Mineral oil
• Silicone oil
• Natural and synthetic esters
The by far most used oil in high voltage equipment is mineral oil. The main use
is in transformers and is therefore often just referred to as transformer oil. The
main content of the most common mineral oils used in transformers is a petroleum
distillate known as light naphthenic oil [6]. It is cheap and has excellent dielectric
properties. It has a very long track record and is an often considered a safe choice
in terms of dielectric properties. One advantage with mineral oils is that they
are to a large extent self-healing. Partial discharges have a limited effect on the
properties of the oil. Gas bubbles resulting from such events are relatively quickly
absorbed by the oil. The biggest disadvantage with mineral oils is that they are
highly flammable. As a result, catastrophic failures in high voltage equipment
filled with mineral oil are a big fire hazard. Silicone oil is used in among others
oil filled high voltage cable terminations. Due to its very high cost compared to
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especially mineral-based transformer oil it is rarely used in transformers. Sili-
cone oil is non-toxic and has excellent electric properties [6]. It also has a low
flammability causing it to be safer than most other dielectric fluids. In addition
to the high cost other disadvantages is that it is not biodegradable and is not
self-healing. Under partial discharges, it may form cross-linked polymeric silox-
anes that may damage the breakdown strength [6]. Ester oils are very safe and
are organic oils that are easily biodegradable causing it to be an environmentally
friendly option [7]. Ester oils can absorb very high contents of water, Midel 7131
can absorb about 2400 ppm at 20 ◦ C, mineral oils such as Nytro 10XN on the
other hand will only absorb about 40 ppm before it saturates [8]. This is very
beneficial for applications such as a subsea connector. As with silicone oil, ester
oils also have a low flammability [7].
There are several theories that have been put forward to explain the phenomenon
of dielectric breakdown in fluids. To this day there are not one widely accepted
theory, but a general consensus that dielectric breakdown in liquids are a complex
process which all behavior cannot be explained by one phenomenon but rather a
combination of different processes depending on the purity of the liquid [9]. Early
theories were that breakdown in liquids are governed by ionization by electron
collision similar to the avalanche theory of breakdown in gasses. A charge carrier
is accelerated by the electric field before hitting oil molecules, ionizing them on
impact further releasing new electrons, which again is accelerated by the electric
field. This causes an exponential growth of charge carriers that eventually will
bridge the gap and produce a breakdown. Efforts to generalize the Townsend
theory of breakdown to liquids were attempted. There are however some ob-
stacles. Collision ionization is not expected in the range where breakdown is
observed. According to Felici, collision ionization is not expected to occur with
fields ¡ 10MW/cm [10]. The Townsend theory of breakdown also requires free
electrons to initiate the breakdown process. Free electrons however are very rare
in liquids since they will stick to the fluid molecules forming negative ions except
in some rare cases [10]. The collision ionization theory does also not explain the
effect of impurities and static pressure above the dielectric liquid. To explain
how the pressure above the liquid influences the breakdown, the bubble theory
was created [9]. In the bubble theory, it is suggested that breakdown starts in
microscopic gas bubbles in the liquid. These bubbles are either present or is
created by localized heating by leakage currents at irregularities on the electrode
surface. Inside the gas bubbles, discharges occur similar to breakdown in gasses.
The static pressure above the liquid will affect the size and pressure inside the
bubbles.
As the technology progressed and it became possible to examine the stages in
breakdown of liquids, the streamer mechanism of breakdown was suggested. It
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is basically a continuation of the bubble theory. In the streamer theory of break-
down it is suggested that discharges occur in a gaseous bubble that propagates
through the liquid insulation eventually causing a breakdown when it spans the
electrode gap. The streamer initiation can be caused by a variety of factors,
including water bubbles and solid impurities [11]. In liquids with high degrees of
contamination, very low values of breakdown are encountered. It has been shown
that charged particles and water bubbles can move and accumulate at the areas
of highest electric field, effectively lowering the distance between the electrodes
eventually bridging the liquid gap causing a breakdown.
2.2.1. Contaminants
In a practical liquid insulation system there will always be some particles. The
origin of these particles depends on the apparatus. In a transformer, the most
common particles that have been encountered from samples of in service trans-
formers are iron, copper, carbon and cellulose [9]. For a liquid filled subsea
connector it is expected that the oil may contain copper particles from the con-
tacts, carbon from internal discharges and particles from the solid insulation.
These particles are the likely result from wear and tear during mating of the
connector. The effect of these particles depends on the type of particle and the
amount. The particles can be separated into two main categories, conductive and
non-conductive. If the electric field is high enough to lift the particle into the elec-
trode gap conductive particles tend to bounce between the electrode and ground
under AC conditions [12] [13]. The electric field required to lift the particle into
suspension can be calculated according to Formula 2.1 for spherical particles and
Formula 2.2 for cylindrical [9]. In these formulas diameter of the particle is de-
noted as R. The density of the oil and particle is ρo and ρp respectively. g is the
acceleration of gravity and  is the permittivity of the oil.
E = 0.494[R(ρp − ρo)g/]0.5 (2.1)
E = 0.836[R(ρp − ρo)g/]0.5 (2.2)
The particles may cause a large field enhancement when approaching the elec-
trodes that may initiate small discharges between the electrode and particle. This
can initiate a breakdown in some cases [9].
Carbon particles are a result of carbonization of the oil. Carbonization can occur
during discharges in the oil during mating of contacts. In transformers, the main
15
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source of carbonization of the oil is at the tap changers [9]. Carbon particles can
have both positive and negative effects on the breakdown strength of transformer
oil. Some studies show that adding carbon particles may increase the breakdown
strength although it is suggested that this is due to carbon absorbing water from
the oil and thereby reducing the relative humidity [14]. It is also suggested that
carbon particles may contribute to evening out the electric field on the surface
of electrodes [11]. Carbon particles will however increase the conductivity of the
oil and particles may in some cases bridge the electrode gap.
2.2.2. Bridging of insulation
It has been shown that high amounts of contaminants will cause very low break-
down strength. This can be attributed to the formation of a bridge across the
insulation in the form of particles aligning after the electric field. It can be shown
that particles with higher dielectric constant than the fluid will move in the di-
rection of the highest electric field [15]. Cellulose fibers will become polarized in
the presence of an electric field and may form bridges parallel to the electric field
[9].
The same bridging phenomenon can be observed with free water droplets sus-
pended in the oil.
Figure 2.10.: Bridging phenomenon of pressboard in transformer oil [16]
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Figure 2.11.: Bridging phenomenon of pressboard in transformer oil [16]
Figure 2.12.: Breakdown in silicon oil due to elongation of a water droplet [17]
2.2.3. Aging
As transformer oil ages, bi-products such as acids will accumulate in the oil.
Acids have several negative effects in dielectric properties of transformer oil. Dis-
sociation will cause an increase of charge carriers in the oil, which increase the
conductivity of the oil [15]. Acids are also surface active and may decrease the
surface tension and thereby support the propagation of gaseous bubbles in the oil
gap [15]. Surface-active impurities in the oil will also bind to the water molecules
and therefore increasing the absolute water content [11]. Aged oils can therefore
absorb larger quantities of water than fresh ones. The most common measure of
acids in insulation oils is the measurement of total acid number (TAN).
17
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Figure 2.13.: Breakdown voltage dependence of relative humidity and total acid
number [15]
2.2.4. Hydrostatic pressure
It has been shown that pressure has a profound effect on the breakdown voltage
of liquid insulation. Going from 1 bar to 100 will almost double the breakdown
voltage of a 2,5 mm gap with VDE electrodes in mineral oil [15]. The reason for
this has been attributed to the effect which gas in the liquid has on the breakdown.
It has been proposed that a streamer is initiated from an initial gaseous bubble
on the electrode surface. This bubble can either be present in microscopic pores
on the electrode surface or created as the result of boiling. Due to the surface
roughness of the electrode, there might be edges where the current density of the
leakage currents in oil before breakdown might be high enough to boil the liquid
on a microscopic level, creating a small gas bubble. As the breakdown happens
through a gaseous bubble, the external pressure will affect the propagation and
the breakdown strength of this bubble [11]. Research has shown that the pressure
is of much less effect in liquids where the liquid is thoroughly degassed before the
test. This suggests that the pressure has a much larger effect on breakdown
caused by initial bubbles in the liquid than on the streamer and generation of
bubbles [11]. For the use of liquid insulation in a subsea environment, this is of
great interest, as the breakdown strength will strongly increase if the insulation
is exposed to the hydrostatic pressure at those depths.
18
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2.2.5. Water in oil
Water in oil can be present in liquid insulation in several states. At low water
amounts the water is mainly dissolved. As the moisture approaches saturation,
water is emulsified in the oil. When the content of water in oil exceeded the
solubility limit for the liquid free water is separated and forms bubbles in the
liquid insulation.
2.2.6. Water intrusion
Water can enter the liquid insulation in a number of ways. If exposed to air the
oil and air will eventually reach equilibrium where the relative humidity will be
equal in the surrounding medium and the liquid insulation [15].
For high voltage equipment placed subsea, there are many challenges in terms
of handling moisture. Some components have historically been regarded as very
sensitive to high pressures forcing them to be placed in an one-atmosphere envi-
ronment. This requires thick walls and there are often problems with weight and
cooling of the equipment. There are always some power or communications lines
that need to go through the wall of the atmospheric chamber. The arrangement
capable of feeding cables through high differential pressures is normally referred
to as penetrators. These are weak points in the chamber where leakages can
occur. In some cases, water can also diffuse through the material entering the
insulation material. This is a very slow process but can be an important factor
to consider in equipment with a long projected lifetime. This is especially the
case for liquid based insulation systems as the solubility is in the order of ppm
meaning very little water has to diffuse into the insulation to make a big impact.
For wet mate connectors there are several ways that water can enter the insula-
tion system as mentioned in Section 2.1.1. There will always be some water that
will enter the insulating oil during operation. After a number of operations, the
liquid insulation inside the connector is likely to be saturated.
2.2.7. Dissolved water
For small amounts of water in oil, the water molecules will be distributed evenly
throughout the solution forming a homogeneous solution. The water is then
suspended in the liquid as a monomer [9]. The maximum amount of water that
can be dissolved in oil is called the solubility of water in oil. The solubility
of water in oil will depend on the temperature of the liquid, the type of liquid
and the degree of ageing of the liquid. Relative humidity is a measure on how
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saturated the solution is with water. It can be defined in a number of ways,
often as the ratio between the partial pressure of water and the saturated water
pressure [18]. It can also be defined as described in Formula 2.3 [6].
RH =
r
rs
(2.3)
In this Formula, r is the amount of water in oil in ppm and rs is the solubility of
water in oil.
The effect of dissolved water on the breakdown strength of transformer oil is
mainly attributed to the wetting of solid impurities in the oil [11]. This is sup-
ported by the fact that the breakdown strength shows a much lower dependency
of the water content in very pure liquids [19] this is shown in Figure 2.14 and
Figure 2.15. In situations where breakdown is initiated from a gaseous bubble
created by vaporization of the dielectric fluid, water may lower the breakdown
strength by reducing the boiling point of the insulating liquid [20].
Figure 2.14.: Breakdown strength as a function of relative humidity at low levels
of particles [19]
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Figure 2.15.: Breakdown strength as a function of relative humidity at high levels
of particles [19]
From previous research, it can be observed that the breakdown strength decreases
rapidly from about 20 % relative humidity before stabilizing around 80 % relative
humidity. When approaching the saturation a phase transition sets in and governs
the breakdown strength [9]. From 80 % and up the breakdown strength is nearly
constant. This is due to there already being more than enough water clusters
to create a breakdown and this will govern the breakdown strength of the liquid
[20].
2.2.8. Condensed water
When the amount of water in oil approach the solubility limit, water molecules
will form clusters and an emulsion in the oil is created [9]. This can occur either
if the temperature decreases, causing the solubility to go down or by the increase
of water in oil. Condensed water will severely affect the insulating properties of
the dielectric fluid. An intrusion of water will form a droplet. A water droplet
is essentially a short circuit seen from the high voltage source. The movement
of the water bubbles will be affected by gravity and the electric field. The water
bubbles have a tendency of moving in the direction of the highest electric field
and may coalesce forming bigger bubbles of water [21] eventually causing the
effective distance between the electrodes to decrease. Water droplets will also
contribute to disturbing the electric field increasing the risk of breakdown [20].
In a condition where water leaks into the liquid insulation during operation, the
relative humidity of the liquid will increase. At high temperatures, the insulation
can absorb more water than at low temperatures. If the temperature is reduced
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for example during a shutdown, a water emulsion will form in the dielectric liquid.
2.3. Previous measurements on breakdown in liquids
Based on the assignment on methods for condition assessment of subsea connec-
tors a project were performed leading up to the master’s thesis. The purpose
was to investigate how water ingress into an oil filled subsea connector affects
the breakdown strength of the liquid dielectric and whether a sensor measuring
relative humidity can give a good estimation to the degradation of the insulation
based on water ingress. Two different oils were tested, Nynas Nytro 10XN and
Midel 7131. The first is a mineral oil much used in transformers and the last
one is a synthetic ester. The relative humidity of the oil samples were controlled
using a climatic chamber together with a magnetic stirrer. The experiments were
performed using a Baur oil tester according to IEC 60156.
The breakdown voltages of both fluids were shown as seen in Figure 2.16 to have
a strong dependency on the relative humidity. The breakdown voltage for the
Nynas Nytro 10 XN decreased rapidly from 40 % relative humidity and up.
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Figure 2.16.: 50 % breakdown voltage as function of relative humidity from Nytro
10 XN and Midel 7131
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The two liquids have a very different solubility, yet reacts similar to an increase
in relative humidity. This shows that it is the relative humidity that causes a
reduction in breakdown strength not the absolute water content. The state of
the water in oil is more important than the content of water in oil.
The results from the project on liquid breakdown show that relative humidity is
a good condition indicator for situations where water intrusion is the dominant
cause of failure.
2.4. Partial discharges
Partial discharges are defined in IEC 60270 as a ”localized electrical discharge that
only partially bridges the insulation between conductors and which can or can
not occur adjacent to a conductor” [22]. It is usually caused by a localized electric
field enhancement, often contamination in the insulation such as gas bubbles or
particles. Partial discharges can be interpreted as a pulse with duration often
less than 1 µs.
A Partial discharge measurement is used as an indicator of the condition of the
insulation system and is commonly used as a factory acceptance test to ensure
that no contaminants or gas bubbles exist in the insulation system.
Partial discharges can deteriorate the insulation and eventually cause a break-
down in the insulation. Some insulating materials have a lower susceptibility
than others do, this is especially the case for polymer insulation as the partial
discharges will gradually erode the insulation, increasing the partial discharge
intensity which then again erode more of the insulation eventually causing a
breakdown. Liquid insulation on the other hand is to some degree self-healing,
as the gas pockets caused by the discharge will dissolve into the liquid. Even
though liquid insulation is not as susceptible to partial discharges as solid poly-
mer insulation, chemical by-products of partial discharge can affect the dielectric
properties of the liquid insulation, as discussed in Section 2.2.
2.4.1. Mechanism of partial discharges
To properly assess the mechanisms behind different types of partial discharges and
evaluate the effect, the breakdown mechanisms of the different types of materials
in which the partial discharge occur must be taken into consideration. In the
early days of experimental research on the physical mechanisms leading up to
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breakdown in air it was found that the current between two parallel plates in air
varies with the electric field between the plates. As shown in Figure 2.17.
Figure 2.17.: Current dependency on the electric field strength [23]
In 1910 John S. Townsend published The theory of ionization of gases [23].
Townsend here proposed what have since been known as the Townsend theory
of breakdown. The Townsend theory of breakdown is based on the theory that
ions in an electrode gap may gain sufficient energy to cause an ionizing collision,
further releasing new ions that again cause new ionizing collisions. This causes
an exponential growth of charge carriers in the electrode gap called an electron
avalanche. This corresponds to the area C in Figure 2.17. To quantitatively
describe this Townsend introduced what has been known as Townsend first ion-
ization coefficient, α. This is defined as the numbers of electrons produced by a
single starting electron per unit length in the direction of the electric field. The
starting electron may appear as cause of cosmic radiation. The location in which
the starting electron appears is random in nature. As the electric field strength
is further increased, the current will increase more than what is anticipated by
the Townsend first ionization coefficient. It was found that positive ions colliding
with the cathode will cause electrons to be emitted from the cathode. Causing a
feedback that makes the electrode avalanches self-sustained. This is known as the
Townsend breakdown criterion as it is a prerequisite for breakdown. It was later
found that the Townsend theory of breakdown does not accurately describe the
breakdown in long gaps and/or at high pressures. John M. Meek [24] proposed
a streamer mechanism of breakdown to account for this. The streamer method
of breakdown takes in account the high electron mobility in relation to the mo-
bility of positive ions. The electron avalanche will leave positive ions behind and
space charges will accumulate. At the head of the electron avalanche there will
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be concentrated with negative charges with a tail of positive ions. The space
charge field Er will cause a resultant field magnitude of E + Er at the head of
the avalanche. The region behind the head will have a resultant field of E −Er.
When an avalanche reach a critical size the resultant electric field will cause an
intense ionization at the head of the avalanche forming a propagating streamer in
the electrode gap [25]. As the streamer reach the cathode a conductive channel
will form in witch breakdown will occur. As a partial discharge is essentially a
partial breakdown in the insulation, both streamer and Townsend type partial
discharges may occur. Streamer type partial discharges is often called glow type
discharges and is distinctly different to Townsend type discharges which is com-
monly referred to as spark type discharges. Glow type discharges can normally
not be detected using normal methods for partial discharge detection. Glow dis-
charges are normally accompanied by spark type discharge and detection of glow
type discharges are normally not being done. It should however be noted that
both types of partial discharges will contribute to degradation of the insulation
and detection of spark type discharges only will therefore not give the full picture
of partial discharge activity in a insulation system [26]. Partial discharges are
often explained using the ABC model depicting a cavity in a insulation medium
represented by the capacitance Cc.
Ca Cc
Cb
Figure 2.18.: ABC model
The capacitance between the cavity and each of the electrodes is represented as
Cb. The capacitance of the rest of the test object is represented as Ca. As the
voltage across the cavity Vc reach the point where the dielectric strength of the
cavity is exceeded a discharge occurs which reduce the voltage instantly to v.
The voltage at the first discharge occurs is called the partial discharge inception
voltage.
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Vi = Vc ∗ Cb + Cc
Cb
(2.4)
The discharge causes the voltage across the cavity to be reduced to v from Vc.
This will cause a dip in the voltage across the test objected given as [27]
∆V =
(Vc − v)Cb
Ca + Cb
(2.5)
The charge transferred due to the discharge can be described as
q = (Ca + Cb)∆V (2.6)
Assuming the capacitance of the sample Ca is much higher than the capacitance
between the cavity and the electrodes Cb the charge q can be approximated to
be [27]
q = Ca∆V (2.7)
It should be noted that the charge transfer is in reality the effect of space charges
of opposite polarity being deposited on the surfaces of the cavity [28]. It should
also be noted that the ABC model is not an equivalent circuit as much as a con-
venient way of explaining the principle on how partial discharges can be detected.
Using a measurement shunt together with a coupling capacitor it is possible to
measure the voltage drop ∆V as is will cause a current across the measurement
shunt. This measured voltage spike over the measurement shunt may be related
to the apparent charge of the partial discharge by using a calibrator injecting a
known charge in parallel to the test object. The ratio between the injected charge
and the measured voltage spike is known as the calibration factor of the circuit.
2.4.2. Effect of partial discharges
It should be noted that even though partial discharge measurements can give an
indication of the condition of the insulation system the magnitude of apparent
charge detected is not directly related to the deterioration of the insulation sys-
tem. Different types of insulation materials have vastly different tolerances for
partial discharges and the type of discharge has a big impact on the severity of the
measured discharge. The frequency of the discharge and the geometrical size of
the discharge are also important factors related to the severity of a discharge [29]
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[30]. The main deteriorating effect of partial discharges is the chemical deteriora-
tion caused by the heat of the discharge [31]. In oil, a partial discharge may cause
a gaseous bubble. If the electric field strength is high enough within the bubble,
new discharges may occur and the bubble will grow in size. Eventually the bub-
ble will either be big enough to bridge an electrode gap causing a breakdown or
more likely the bubble will grow big enough to gain a higher breakdown strength
than the electric field in the bubble. The gas will then slowly be absorbed into
the oil. This is why oil in general is regarded to self-healing to some degree. Solid
insulation on the other hand is not self-healing and some materials are very sus-
ceptible to erosion due to partial discharges. When a partial discharge occurs in
polymer insulation, the polymer will slowly the eroded away lowering the break-
down strength of the insulation system [30]. If the partial discharges occur on
the surface of solid insulation, the discharge may cause a conductive carbonized
track. This is often called tracking and may eventually cause a breakdown along
the surface of the insulation.
2.4.3. Internal discharges
Internal discharges may occur when there are areas within a dielectric that have
a significantly lower dielectric strength than the material around it. An example
of this is gaseous cavities within a solid dielectric. The cause of this may be gas
bubbles from the extrusion process or leaks of air into a mold during curing [32].
If the electric field strength in the gaseous cavity exceeds the breakdown strength
of the cavity, given by a Pachen curve, a breakdown may occur in the cavity [25].
Given that a free electron exists in the cavity. The cavity may increase in size
as repeated discharges erode the solid dielectric and lower the overall breakdown
strength of the insulation system. The discharges may also stop. There may be
several reasons for this. The inside of the cavity may become conductive as a
result of carbonization [29]. Another possible cause may be that the pressure
inside the cavity or the size of the cavity increases sufficiently for the breakdown
strength of the cavity to exceed the electric field strength within the cavity [33]
[29]. The gases in cavity will however diffuse out of the cavity and new discharges
might occur.
There are several different types of cavities that may occur within a solid.
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Figure 2.19.: Types of internal discharges [25]
The field enhancement of spherical a gaseous cavity may be calculated using
formula 2.8 [25]
Ec = (
3
1 + 2
)Ed (2.8)
For a flat cavity, the field enhancement can be calculated as in formula 2.9 [25]
Ec = Ed (2.9)
In these formulas  is the permittivity of the surrounding dielectric. Ec is the re-
sulting electric field strength inside the cavity and Ed is the electric field strength
of the dielectric.
Contaminants such as fibers or dirt may also get into the insulation during fab-
rication. Electric field enhancement at the contaminants may cause discharges,
which again may cause a gaseous cavity, or in oil a gas bubble.
2.4.4. Surface discharges
In insulation systems where there is a large electric field parallel to the insulation
surface discharges may occur. For cables, surface discharges may occur in cable
terminations or connections. There may be several causes for surface discharges,
the most common being contaminants on the surface of a dielectric or failure in
the termination of the cable.
For a subsea connector surface discharges may be a real concern due to among
others potential contaminants and/or water on the male contact dielectric.
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2.4.5. Corona discharges
Corona discharges are discharges at the electrodes, either conductor or ground,
due to an electric field high enough to ionize the insulating medium around the
electrode. This could be both liquid and gaseous insulation. This commonly
occurs at sharp points at the electrodes where the electric field is strong.
Corona in air is normally easily identified by Trichel pulses. These stable regular
discharges occur in the negative half period in electronegative gasses. Trichel
pulses have a more or less constant magnitude and are therefore easily identified.
2.4.6. Electric trees
At localized electric field hot spots such as sharp points at conductive particles
and or the interface between the solid insulation material and the semi conduc-
tive screens a phenomenon known as electrical treeing might occur [30]. The
development of electric trees in general follows three main steps; tree initiation,
tree growth and finally breakdown [34]. Electrical trees start out as a single dis-
charge at a high electric field area. The first discharge creates a weak spot in the
insulation in which a series of discharges eventually occur thus forming a channel
where each new discharge may increase the length of the channel. This signalizes
the growth phase of the electrical three. As the electric tree grows the dielectric
strength of the insulation is weakened. If the inception and growth of the electric
tree was the result of a temporary over voltage the partial discharges in the tree
might extinguish effectively stopping the growth of the electric tree. If however
the development happens at nominal voltage or the tree has grown large enough
during the overvoltage, the electric tree will continue to grow until eventually it
bridge the electrode gap causing a breakdown. If an electric tree is able to grow
continuously during nominal voltages, a breakdown is anticipated in the matter
hours or minutes [30].
There are two main types of electrical trees, brush-like and branch-like. The
shape of the electric tree depends on among other the electric field at which the
electric three develops. Branch-like electrical trees is usually found at electric
fields bellow 3-5 kV/mm, above this bush-like trees are most common [30]. It
should however be noted that an electrical tree might convert from bush-like to
a branch-like tree during the growth of the electrical tree.
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2.5. Conventional methods of partial discharge
detection
The by far most common way of measuring partial discharges is by using the IEC
60270 standardized measurement method of partial discharges.
This method normally requires the equipment to be removed from service and
tested in a shielded environment to ensure sufficient sensitivity. Methods exist
where a high voltage coupling capacitor is mounted permanently thus enabling
online measurements. It should however be noted that this is space consum-
ing and therefore is mostly applicable for use at terminations in air insulated
substations. There have also been some concerns about the reliability of such
capacitors. It is not much use in a condition monitoring systems if the system
itself increases the failure rate of the substation.
Ca Zm
Ck
Figure 2.20.: Circuit for detecting partial discharge activity according to IEC
60270
By using a measuring impedance a voltage drop can be observed over the mea-
surement shunt. This is proportional to the apparent charge transferred during
the partial discharge. By using a calibrator to inject a known charge and observ-
ing the voltage drop, the voltage drop observed can be related to the apparent
charge transferred as shown is Section 2.4.1.
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2.6. Sensors for high frequency measurements on
partial discharge activity
2.6.1. Inductive coupler
Partial discharges is a broad spectrum high frequency pulse and as the pulse trav-
els in the insulation system high frequency electromagnetic waves will be emitted.
This pulse can be detected by radio frequency antennas or high frequency cur-
rent transducers depending on what is most practical for that equipment to be
tested. Antennas may be used in an air insulated substation either as a survey
tool to locate and detect partial discharges or permanently mounted inside a GIS
enclosure or a transformer. In cable systems where the ground shield consists of
wire strands, the axial component of the induced current in the screen may be
picked up using a Rogowski coil or a high frequency current transformer. This
can not be used for cable systems where a metal foil shield is used due to the
electromagnetic waves effectively being absorbed in the sheath. One method of
inductive partial discharge detection is the use of a high frequency current trans-
former mounted around the grounding cable of a transformer or cable termination
[35] [36]. An example of a commercial system from HVPD, for partial discharge
detection using a HFCT is shown in Figure 2.21.
Figure 2.21.: HFCT with portable measurement device for partial discharge de-
tection [37]
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2.6.2. Capacitive coupler
Partial discharge pulses may also be coupled capacitively. The sensor effectively
forms a capacitive voltage divider between the capacitance of the insulation and
the stray capacitance of the sensor. Commercial products exist for use in trans-
formers and GIS. These commonly consist of a conductive disc working as the
sensor. For use in cables and cable accessories the capacitive coupler may be
in the form of a aluminum or copper tape placed on the outside of the semi
conductive layer on the inside of the ground screen of the cable.
Figure 2.22.: VHF capacitive coupler [38]
2.7. Implementation and interpretation partial
discharges using high frequency sensors
There have been several studies on how high frequency partial discharge measure-
ments can be implemented and interpreted. There are also commercial products
that exist. Most notably is maybe the PDS 100 from Doble Engineering, shown
in Figure 2.23. This is a compact device capable of delivering received power
measurements similar to the ones produced by a spectrum analyzer.
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Figure 2.23.: PDS 100 from Doble Engineering [39]
There have been research into the use of simple low cost radio circuits for partial
discharge detection. One example is shown in Figure 2.24.
Figure 2.24.: Circuit model for a low cost high frequency radiometric partial dis-
charge detector [40]
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The basic construction is similar in all devices and similar to that of a super-
heterodyne receiver. The high frequency signal is filtered, mixed down to an
intermediate frequency, and then amplified, before being rectified and sampled.
With such a construction the signal magnitude can be sampled at a much lower
speed, causing a reduction in cost. The biggest disadvantage of this method is
that the waveform is lost, and only the relative magnitude of the discharge can be
measured. With regards to the sampling frequency required, it should be noted
that partial discharges are transient pulses not a continuous signal. Sampling
the output of the detector circuit at a low frequency could cause only a fraction
of the partial discharge pulses to be detected. This could cause problems when
dealing with partial discharges with a low repetition rate and could require a
longer observation time for the received power spectrum to stabilize [41].
There are two main methods of processing and displaying the partial discharge
signal from high frequency sources. The measurements can either be analyzed in
the frequency domain or the time domain.
The perhaps most common way of assessing the signal from high frequency partial
discharge detectors is to analyze them as a function of frequency. Then the
maximum amplitude of the signal over a period of time is recorded over a specified
frequency span, as shown in Figure 2.25.
Figure 2.25.: Received power from an interfacial discharge as a function of fre-
quency, for a high frequency capacitive coupler [42]
The relative increase in received signal power is used as a measurement of the
partial discharge magnitude. The frequency spectrum of the received signal power
can to some degree be used to distinguish different types of partial discharges.
An example is that corona discharges have an upper frequency of about 500 MHz,
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whereas surface discharges and internal discharges in general have a much wider
frequency spectrum. Another way of analyzing the type of partial discharge is to
measure the energy at different frequencies as shown in Figure 2.26.
Figure 2.26.: Energy in the recived signal at different frequencies as a method of
classifying partial discharge activity [43]
Conventional partial discharge measurements are often analyzed by what is known
as phase resolved partial discharge patterns. Here the partial discharge pulses
are plotted in reference to where on the voltage curve form the discharge occurs.
This is often done by using a voltage reference as trigger and plot magnitude of
the partial discharge as dots on top of the voltage curve form. By doing this
it is possible to distinguish different types of partial discharges from each other.
This kind of analysis can also be used with signals from high frequency sources
[42], this is known as a zero span measurement. This is done by using a trigger
signal that is routed to a low-level input on the frequency analyzer. The accuracy
is however not good enough to assess the type of discharge as well as with the
conventional partial discharge system, as shown in Figure 2.27.
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Figure 2.27.: Zero span plots from a high frequency capacitive coupler at 875
MHz [42]
2.8. High frequency signal propagation
A partial discharge pulse can be treated as a broad-spectrum high frequency
pulse that travels along the cable. This will effectively act as a travelling wave
in the cable and the pulse will be distorted, attenuated and reflected as it travels
in the cable. To properly be able to assess the partial discharge signal received
by the measuring equipment it is important to consider these effects. This is
especially the case for high frequency measurements or for long cables. The cable
will essentially work as a low pass filter thus limiting the range for high frequency
measurements of partial discharges.
2.8.1. Travelling wave model
For long and/or high frequency cable systems, it is not sufficient to approxi-
mate the cable parameters as lumped impedances. In reality, the parameters are
distributed along the entire cable.
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Figure 2.28.: Travelling wave model
It can be shown that the partial derivative of the voltage with respect to x will
be the sum of the change in voltage in that point due to the resistance and
inductance in that point. This is shown in formula 2.10
∂u(x, t)
∂x
= ri(x, t) + l
∂i(x, t)
∂t
(2.10)
It can also be shown that the partial derivative of the current at any point with
respect to x will be equal to the sum of current into the capacitive and resistive
shunt admittances.
∂i(x, t)
∂x
= gu(x, t) + c
∂u(x, t)
∂t
(2.11)
These equations are commonly referred to as the telegrapher’s equations. Assum-
ing sinusoidal waves and steady state the equations can be written using only x
as the variable as formula 2.12
dU(x)
dx
= (r + jωl)I(x) = zI(x)
dI(x)
dx
= (g + jωc)U(x) = yU(x)
(2.12)
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Combining these and solving for the voltage and current, the propagation con-
stant γ can be found describing how a wave changes as it moves in the cable.
This is shown in formula 2.13
d2U(x)
dx2
= γ2U(x)
d2I(x)
dx2
= γ2I(x)
γ = α+ jβ =
√
(r + jωl)(g + jωc) =
√
zy
(2.13)
In this equation α is the attenuation constant and the imaginary part β describes
how the phase of the wave changes in the cable. Both are given as per unit length
and are a cable parameter not dependent on the length of the cable.
The characteristic impedance of the cable can be calculated as in formula 2.14
Z0 =
√
z
y
(2.14)
It should be noted that the resistance, inductance and capacitances is also a func-
tion of the frequency, in the telegraphers equations they are treated as constants.
In order to account for this an analytical model is needed.
2.8.2. Analytical model of a single phase cable
In 1971, Ola Breien and Prof. Inge Johansen proposed a model for calculating
the attenuation of travelling waves in single-phase high-voltage cables [44]. It
consisted of a series element representing the series impedance of the cable and
a parallel admittance representing the capacitance of the dielectric. To account
for skin effects modified Bessel functions must be used, it can however be shown
that a good approximation can be made using Equation 2.15.
Z =
1
2pirc
√
jωµ0ρc +
1
2piNrs
√
jωµ0ρs +
jωµ0
2pi
ln
rout
rc
(2.15)
rc is the radius of the conductor and ρc is the resistivity of the conductor. N is
the total number of strands in the conductor, rs is the radius of each individual
strand and ρs is the resistivity of the strand material. rout is the radius out to
the ground sheath.
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The admittance model for the cable as proposed by Breien is shown in Equation
2.16.
Y = jω0r
2pi
ln rori
(2.16)
The relative permittivity is complex and is given as
r = 
′
(ω)− j′′(ω) (2.17)

′
and 
′′
is the real and imaginary part of the permittivity, each being a function
of frequency.
In 1982, G.C. Stone and S.A. Boggs showed that this model is off by an order
of magnitude for XLPE cables at high frequencies [45]. This is due to the fact
that the model was developed for paper-oil cables and does not take the semi-
conductive layers into account. As shown in Figure 2.29 and Figure 2.30 later
research have shown that above 10 MHz the skin effect only play a minor role in
the attenuation compared to that of the dielectrics and semi-conductive screens.
Figure 2.29.: Comparison of the skin effect and attenuation in the dielectrics of
a 12 kV XLPE cable [46]
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Figure 2.30.: Dielectric contributions to the attenuation in a 12 kV XLPE cable
[46]
The analytical model proposed by Boggs and Stone is shown in Figure 2.31.
Figure 2.31.: Simplified cable model
The real and imaginary permittivity for each of the layers in the model is however
not easily obtainable since it is a function of among others the frequency and
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temperature. The properties of the insulation and the semi-conductive layers
must be measured, which is often cumbersome at high frequencies.
An example of the calculated attenuation in a medium voltage XLPE cable based
on measurements on the properties of the semi-conductive layers in shown in
Figure 2.32
Figure 2.32.: Calculated and measured attenuation in a medium voltage cable
XLPE cable with a conductor diameter of 11 mm, insulation thick-
ness of 3.5 mm and 0.7 mm semi-conductive layers [46]
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3. Sensor evaluation and proposal
The overall scope is to investigate potential solutions for condition monitoring
of subsea connectors, based on this a literature study have been performed and
experiments have been done on potential concepts. Based on this two types
of sensors is suggested that will give a good indication on the condition of the
insulation system.
3.1. Capacitive thin-film moisture sensors
Previous research has shown that moisture is an important performance indicator
in liquid insulation systems. For a subsea connector insulation system, water
ingress can potentially be one of the most important indicators and one of the
most likely causes of failures. As shown in Section 2.3, it is the relative humidity
not the absolute water content in oil that dictates the reduction in breakdown
strength due to water ingress. As discussed in Section 2.2.8, a potential hazard
is an increase in the relative saturation of the liquid insulation followed by a
reduction in the temperature of the fluid due to a change in electrical current
through the connector. A reduction in temperature will reduce the solubility of
water in oil and thus increase the relative saturation of water in oil. This may
cause the dielectric liquid to become saturated and a water-oil emulsion may form.
These tiny water droplets in suspension in the oil might coalesce in locations of
high electric field causing the water droplets to increase. Water droplets may
also stretch in the direction of the electric field due to it being strongly polar.
The result will be a significant reduction in breakdown strength and a potential
breakdown due to the droplets bridging an electrode gap in the insulation.
In order to detect an increase in relative humidity and/or potential water-oil
emulsions it would be beneficial to have measurements on the water in oil. The
most used method is Karl-Fischer titration, but this is an off-line method requir-
ing samples to be taken for analysis. This is clearly not an option for application
in a subsea connector where accessibility makes this very impractical.
Thin-film capacitive sensors work as a parallel plate capacitor. Two electrodes
are deposited on a thin piece of polymer. Water will diffuse into the polymer
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and reach equilibrium with the relative humidity of the environment around [18].
As water diffuse into the polymer, its permittivity will change according to the
amount of water in the polymer [47]. The capacitance of a parallel plate capacitor
is defined in Equation 3.1
C = r ∗ 0 ∗ A
d
(3.1)
As the permittivity of the polymer changes, the capacitance will change caus-
ing the capacitance of the sensor to be directly related to the relative humidity
of water in the surrounding medium. By using a relatively simple circuit, the
capacitance of the sensor can be measured and calibrated against the relative
humidity.
The big advantage with thin-film capacitive moisture sensors is the fact that
they are able to measure the relative humidity directly on-line during normal
operation.
3.2. High frequency partial discharge detection
In order to detect degradation of the insulation system other than that caused
by water ingress and to detect imminent failures it will be highly beneficial to
measure partial discharge activity. A partial discharge measurement is widely
accepted as a good measure of insulation condition. As discussed in Section
2.6, online partial discharge monitoring can be achieved using either inductive or
capacitive high frequency couplers. The most promising option for integrating
partial discharge activity measurements in a subsea connector is the use of a
capacitive high frequency coupler. This is due to the limited space available in a
subsea connector. Such a coupler must be mounted on the outside of the outer
semiconductor to not interfere with the insulation system, but on the inside of
the ground sheath. Such sensors are normally placed at the cable termination.
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Figure 3.1.: Placement of high frequency capacitive sensor in a subsea wet-mate
connector
The capacitive coupler can be treated like a capacitive voltage divider. With
the voltage being divided between the capacitance of the cable and the stray
capacitance of the sensor. The capacitance of a coaxial capacitor can be described
as
C =
2 ∗ pi ∗  ∗ l
ln( r2r1 )
(3.2)
In this formula  is the permittivity of the dielectric. r2 and r1 is the outer and
inner radius of the dielectric respectively.
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Figure 3.2.: Model of a medium voltage XLPE cable with a high frequency ca-
pacitive coupler
The capacitive film sensor can be modeled as a capacitive voltage divider with the
capacitance between the conductor and sensor as C1 and the stray capacitance
between the sensor and ground screen as C2. The semi conductive layer will
act as a resistance between the sensor and ground screen R1. The impedance of
the measuring system can be represented as an impedance between sensor and
ground, R2.
Gain =
Vout
Vin
=
R1|ZC2|R1
ZC1 +R1|ZC2|R1 =
ZC2∗R1∗R2
R1∗R2+ZC2∗(R1+R2)
ZC1 +
ZC2∗R1∗R2
R1∗R2+ZC2∗(R1+R2)
(3.3)
Gain =
ZC2 ∗R1 ∗R2
ZC1 ∗ (R1 ∗R2 + ZC2 ∗ (R1 +R2)) + ZC2 ∗R1 ∗R2 (3.4)
ZC1 =
1
jωC1
ZC2 =
1
jωC2
(3.5)
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CstrayRstray Rm
Cdielectric
Figure 3.3.: Model of the VHF capacitive coupler
From this, it can be seen that the highest sensitivity is archived with as large
as possible resistance in the semi conductive layer and as low as possible stray
capacitance between the sensor and ground shield. Better sensitivity can hence be
achieved by increasing the distance between sensor and grounding shield. It is also
beneficial with a low permittivity material between the sensor and the ground
shield. Calculating the expected frequency response of the sensor is however
difficult due to the resistance and permittivity of the semi conductive layer being
strongly frequency dependent. In the model it is assumed that the measuring
impedance is 50 Ohms and purely resistive and the capacitances is calculated
using Formula 3.2. The capacitances of the semi-conductive screens are here
neglected. In reality, the semi-conductive screens will contribute significantly
to the capacitance Cdielectric in Figure 3.3. As a result of this simplification
the model is only valid as a demonstration on the effect of changing the design
parameters of the sensor.
Conductor radius [mm] 5.5
Insulation outer radius [mm] 9.5
Ground sheath radius [mm] 12
Relative permittivity of insulation 2.3
Relative permittivity of material between sensor and sheath 1
Sensor Width [mm] 30
Table 3.1.: Cable parameters
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Figure 3.4.: Modelled transfer function of the VHF capacitive sensor at different
values of semi-conductor resistance as a function of frequency
As shown in Figure 3.4 the capacitive coupler will act as a first order high-pass
filter. The 3dB cut-off frequency of the filter is at about 200 MHz.
The effect of the resistance between the coupler and ground is shown in Figure
3.5. It is here shown that the semi-conductive layer will affect the performance of
the coupler, but at the frequency band of interest any resistance above 100-200
Ohm have very little benefit in terms of performance. This is the reason that
sensors can be put directly on the semi-conductive layer without any insulation
in-between. This resistance was measured at DC to be above 300 Ohms for real
sensors. The resistance is likely to increase with increasing frequency due to the
skin effect and therefore have little importance for the construction of the sensors.
48
3.2. High frequency partial discharge detection
Figure 3.5.: Modelled transfer function of the VHF capacitive sensor at different
frequencies as a function of the resistance in the semi-conductive
layer
The effect of varying the space between the sensor and the ground sheath is
shown in Figure 3.6. This is a trade-off between the footprint of the sensor and
the sensor gain. A higher distance will give a higher gain. For a frequency of 100
MHz, there is no significant benefit of increasing the space between the sensor
and ground above 10 mm.
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Figure 3.6.: Gain as a function of the space between the coupler and sheath at
100 MHz and 1 GHz
Figure 3.7.: Gain as a function of frequency and the space between the coupler
and sheath
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This can also be shown by plotting the gain against the stray capacitance as
shown in Figure 3.8. A distance between the sensor and ground sheath is the
difference in diameter of the sensor and the sheath. The makers in the figure
indicate the approximate capacitance with a difference in diameter of 10 mm, 6
mm and 2 mm between the sensor and sheath.
Figure 3.8.: Gain as a function of the stray capacitance at different frequencies
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Figure 3.9.: Gain as a function of frequency and the stray capacitance
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Based on the suggestion for the method of condition monitoring of subsea con-
nectors and the analysis of the factors affecting the sensitivity in Chapter 3,
capacitive couplers were created using copper film and fitted at different loca-
tions on a 12 kV cable. The sensors were then tested and compared to the
conventional method of off-line partial discharge detection. Calibration pulses of
a known charge, corona discharges in air and surface discharges in air were ap-
plied to the cable. Based on the geometry of a subsea connector, partial discharge
measurements were also done in oil.
4.1. Equipment list and test object
• 1000 VA 220:45000 High voltage transformer [B1-121]
• Variac voltage supply [B01-0791]
• 800 pF high voltage coupling capacitor [K03-0133]
• Partial discharge measuring shunt 90 kHz [I06-0167]
• Tektronix TPS 2024 200 MHz 2 GS/s oscilloscope [G04-0317]
• Agilent N9000A CXA 9 kHz - 3 GHz Signal Analyzer [H02-0186]
• High frequency capacitive couplers
• Power Diagnostix CAL1A calibrator [H02-0172]
As a test object for partial discharge measurements, a 12 kV medium voltage
cable was used. The construction and parameters is shown in Table 4.1 and
Figure 4.1.
Conductor radius [mm] 5.5
Insulation outer radius [mm] 9.5
Table 4.1.: Cable parameters
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Figure 4.1.: Cable construction, not to scale
4.2. Preparation of cable sample
The cable sample to be used for the testing is a 12 kV XLPE cable. The outer
semiconductor was first stripped off for about 15 cm at each end. The exposed
insulation was then grounded down using sandpaper to give a smooth partial
discharge free surface. For the terminations, it was chosen to use cable stress
cones. The cable and stress cones were first cleaned using isopropanol before
silicon grease was applied to them. The purpose of this is to ease the application
of the stress cone and fill any potential air gaps between the stress cone and the
cable. Such air gaps will pose as a potential partial discharge site. A metal string
was used to provide the grounding for the cable. The string was run along the
cable in both directions on the outside of the semiconductor to provide as good as
possible shielding and grounding of the cable. In an attempt to shield the cable
as much as possible from external noise, aluminum film was wrapped around the
entire cable length to mimic a coaxial cable configuration.
4.3. Construction of high frequency capacitive
couplers
The couplers were constructed as a copper film with a width of 3 cm. The copper
film was soldered together around the circumference of the semi conductive layer
of a 12 kV cable. A BNC connector was then soldered to the copper film and
the film was then covered with PVC electrical tape. A second copper film was
then mounted on the outside with a gap of about 1 cm from the sensor. This
acts as the shield and the ground for the sensor. The purpose of this is to have
some control over the stray capacitance of the sensor. The stray capacitance
can now roughly be estimated as a coaxial capacitor. The ground shield was
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soldered together with the ground wire running along the cable and connected to
the ground on the BNC connector.
Figure 4.2.: Demonstration on how the sensor is mounted on the cable
Two couplers were mounted on the cable. One of the couplers were placed 50
cm from the cable end, the other were placed 150 cm from the cable end. The
purpose of this is to be able to show how the high frequency signals with attenuate
in the cable and compare with previous research, as shown in Section 2.8. The
placement of the sensors is shown in Figure 4.3.
Figure 4.3.: Placement of VHF capacitive couplers
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4.4. Spectrum analyzer
Based on previous research on high frequency partial discharge detection, as
shown in Section 2.7, a frequency analyzer was chosen to analyze the signal from
the high frequency capacitive couplers.
There are two main types of frequency analyzers, sweeping and sampling fre-
quency analyzers. A sampling frequency analyzer samples the analog input di-
rectly before running a Fast Fourier Transform (FFT) on the captured signal.
These have a limited upper frequency capability due to the high sampling rates
required to sample a GHz signal. In this thesis, a sweeping frequency analyzer is
used. The sweeping type frequency analyzer works in essence the same way as a
superhetrodyne receiver. It uses a frequency mixer to convert the signal down to
an intermediate frequency that more easily can be sampled. The input signal is
mixed together with the signal of a local voltage controlled oscillator that sweeps
through the frequency span to be measured.
The basic components of a swept tuned frequency analyzer are shown in Figure
4.4.
Figure 4.4.: Block diagram of a swept tuned frequency analyzer [48]
As the oscillator sweeps through the frequency span, the input signal is mixed
together with the input signal. The resulting intermediate frequency signal is then
amplified before entering a band-pass filter setting the resolution bandwidth. This
sets the minimum detected signal bandwidth. A low signal bandwidth gives a
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high spectral resolution making it easier to distinguish between two narrow-band
signals close together in the frequency spectrum. A low resolution-bandwidth will
however affect the time required to sweep the frequency span, potentially hiding
transient signals. After the first band-pass filter, the signal is amplified before
passing through an envelope detector. This rectifies the signal. After this, the
signal passes through a low-pass filter. This filter sets the video bandwidth. This
is used to remove noise from the output of the envelope detector before sampling
the signal. The narrower the video bandwidth is, the lower the noise. In the
same way as the resolution bandwidth, a low video bandwidth will increase the
time required to sweep the frequency span.
In the measurements the trace detector function on the spectrum analyzer was
used. This captures the maximum amplitude of the received power as a function
of frequency over a given measurement period. Based on previous research on the
recommended settings for picking up partial discharges a resolution bandwidth
of 3 MHz was set together with a video bandwidth of 50 MHz. The span time for
the spectrum analyzer was set to 500 ms together with a measurement period of
2 minutes. Previous research indicates that this should be sufficient to pick up
at least 90 % of the partial discharge pulses, depending on the repetition rate of
the partial discharges [41] [49].
The high frequency capacitive couplers were connected by a RG-58 coaxial cable
to a 9 kHz-3 GHz spectrum analyzer with an input impedance of 50 Ohm, as
shown in Figure 4.5.
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Figure 4.5.: Measurement setup for high frequency measurements on partial dis-
charges in the frequency domain
The received signal power from the sensors is normally given in dBm. This is a
logarithmic scale referred to 1 mW. This means that 0 dBm is equal to 1 mW.
To convert from dBm to watt the signal in Equation 4.1 is used, where x is the
received power in dBm.
P = 1mW ∗ 10 x10 (4.1)
4.5. Conventional measurement of partial discharges
A conventional measurement setup was first established using a high voltage
transformer connected with an aluminum busbar to an 800 pF gas capacitor act-
ing as a coupling capacitor for the measuring shunt. The measuring shunt consists
of a RLC circuit tuned to approximately 100 kHz with an analog bandwidth of
300 KHz.
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The measuring shunt circuit was modeled in MATLAB and the transfer function
is plotted as a bode plot in Figure 4.6.
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Figure 4.6.: Bode plot for the measuring shunt
The capacitor was connected to one end of the high voltage cable using a nail and
wire. The high voltage transformer was feed from a variac providing a variable
ac voltage in the range 0 - 100 volts. All exposed high voltage terminals were
equipped with a conducting toroid acting as a corona ring to avoid corona dis-
charges at sharp points and connectors as this will show up on the measurements.
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Figure 4.7.: Measurement setup for the conventional measurement of partial dis-
charges
To capture the output from the measuring shunt a 2 GS/s digital sampling os-
cilloscope was used. To provide a voltage reference necessary for observing the
phase of the discharges, a small transformer with a ratio of 230:18 was used.
The output from the voltage reference and the measuring shunt was connected
to the oscilloscope using coaxial cables of the type RG-58 with a characteristic
impedance of 50 Ohms.
Figure 4.8.: Instrument setup
4.6. Calibration pulses
To calibrate the conventional partial discharge measurement system a 1-100 pC
calibrator from Power Diagnostix was used (CAL 1A). Pulses of a magnitude of
2, 5, 10, 20, 50 and 100 pC was injected at both ends of the cable and the voltage
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response of the measuring shunt was captured using the trigger function on the
oscilloscope. The response was noted down and a picture of the triggered pulse
was saved to a computer for later analysis.
The signal from the high frequency couplers were measured both in the time
domain and in the frequency domain as a function of the charge injected from the
calibrator. The purpose of this is to compare the signal from the high frequency
coupler to that of the conventional measuring shunt in terms of signal amplitude
and frequency. This will give an indication on the sensitivity of the sensor. It
should however be noted that the sensitivity of high frequency techniques can
not directly be related to the injected charge. One of the reasons for this is
the attenuation of high frequency signals, the signal amplitude will therefore be
dependent on the discharge source. In this thesis the locations of the discharges
is known and comparisons of the relative signal amplitude can be made. The
frequency domain measurements were done using the spectrum analyzer, were as
the time domain measurements were done using the oscilloscope.
4.7. Corona in air
To test sensor capability of detecting corona discharges, the corona ring was
removed exposing a bare nail sticking out of the conductor.
Figure 4.9.: End of cable without corona ring
This creates a high electric field concentration at the tip of the bare nail, causing
partial discharges to the air around as illustrated in Figure 4.10.
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Figure 4.10.: Illustration of electric field enhancement due to sharp edges on an
exposed conductor
The conventional partial discharge measurement system was first used to monitor
the partial discharge activity. The voltage was raised until the partial discharge
inception voltage was reached and this was noted down. To analyze the partial
discharges, a phase resolved measurement was used. This was done by having a
phase reference on one of the channels on the oscilloscope while using the trigger
function to show the partial discharge signal from the measurement shunt. The
oscilloscope was connected to a laptop computer such that the waveforms could
be captured and saved for analysis.
The output of the high frequency capacitive sensor was first measured using the
oscilloscope with the purpose of comparing the amplitude and the waveform to
that of the IEC 60270 measuring shunt. The received signal power from the
sensor was then measured in the frequency domain using the spectrum analyzer.
4.8. Surface discharges air-solid
To emulate surface discharges in air a ground electrode was created using copper
film. The cable stress cone was removed and the ground electrode was placed
on the outside of the insulation. A layer of semi-conductive paint was placed on
the insulator beneath the ground electrode to avoid radial discharges in the layer
between the ground electrode and the insulation.
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Figure 4.11.: Cable end-termination stress cone removed and a copper tape
mounded on the outside of the semiconductor acting as the ground
electrode
As shown in the finite element analysis in Figure 4.12 there will be an electric
field enhancement at the edge of the ground electrode. This is the likely source
of the partial discharges.
Figure 4.12.: Electric field enhancement at the border between the ground elec-
trode and the exposed cable insulation
If plotting the component parallel to the cable insulation, it is shown that dis-
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charges might occur parallel to the insulation, potentially causing surface track-
ing.
Figure 4.13.: Electric field enhancement in the y-direction at the border between
the ground electrode and the exposed cable insulation
As with the previous test, the partial discharge activity was measured both us-
ing a conventional measuring shunt and the high frequency capacitive coupler.
Measurements were done as a function of the applied voltage.
4.9. Partial discharges in oil
In this experiment, the objective is to investigate how partial discharges in a liquid
insulation system such as a subsea connector can be detected. To test the sensor
for an insulation system and geometry comparable to that of a subsea connector
an oil filled test cell was used. The test cell consisted of a transparent plastic
container with dimensions of 70 mm x 70 mm x 50 mm. The test cell was first
cleaned with isopropanol before removing particles and residue using compressed
air. The insulation of the cable was stripped off about 2 cm of the cable end and
the cable was end was inserted into the test cell. A ground electrode was made
using copper and was mounted on the outside of the outer semi-conductive layer
of the cable.
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Before connecting the measurement systems, the voltage was raised until break-
down. The purpose of this is to measure the maximum voltage for the partial
discharge measurements. Both the oscilloscope and the spectrum analyzer is
sensitive equipment that might take damage in the case of a breakdown during
measurements, this must therefore be avoided. After the maximum permissible
voltages for the partial discharge measurements have been established, the cable
sample is cleaned and the measurement equipment is connected. As with the
other tests, the voltage is raised until partial discharge inception and the signal
from the conventional measuring shunt and the high frequency capacitive coupler
is analyzed.
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5.1. Time domain measurements
As shown from Figure 5.1, the output from the conventional measuring shunt has
a high frequency component and a low frequency component. It is shown that
the first pulse of the low frequency component has a frequency of approximately
100 kHz. This corresponds well with the bode plot in Figure 4.6 showing that
the center frequency of the measurement shunt is approximately 100 kHz.
Figure 5.1.: 100 pC calibration pulse captured in the time domain by a conven-
tional IEC 60270 measuring shunt and the VHF capacitive coupler
The high frequency component of the calibration pulse is measured to have a
frequency of approximately 25 MHz as shown in Figure 5.2.
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Figure 5.2.: 100 pC calibration pulse captured in the time domain by a conven-
tional IEC 60270 measuring shunt
The low frequency component of the measuring shunt is due to the tuned RLC
circuit in the measuring shunt. The VHF capacitive coupler acts as a high pass
filter as shown in Section 3.2, and has only a high frequency component. The
dominant frequency of the VHF capacitive coupler as measured in the time do-
main by the oscilloscope is shown in Figure 5.3
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Figure 5.3.: 100 pC calibration pulse captured in the time domain by the VHF
capacitive coupler
5.2. Calibration
When calibrating a straight measuring circuit for partial discharges using an
oscilloscope there are several things to keep in mind. It is shown in Figure 5.1
the 100 kHz component has an amplitude that is significantly lower than the high
frequency component of the calibration pulse. It is however not possible to obtain
an objective calibration as the high frequency components will be significantly
attenuated in the cable. As shown in Table 5.1 and Figure 5.4 the high frequency
signal depends very much on where the charge is injected.
Pulse magnitude 5 pC 10 pC 20 pC 50 pC 100 pC
Pulse injected at coupling capacitor N/A 6 mV 10 mV 48 mV 80 mV
Pulse injected at far end of cable N/A N/A 6 mV 12 mV 22 mV
Table 5.1.: High frequency component of the measured voltage pulse over the
measuring impedance when injecting a known charge from a calibrator
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Figure 5.4.: High frequency measured voltage at IEC 60270 measuring impedance
as a function of injected charge at both ends of the cable
The consequence of this is that the apparent charge of a partial discharge can
not be quantified as it will depend on where the partial discharge occurs and the
frequency components of the discharge. Where the discharge occurs is normally
not known when testing an object for partial discharges. The upper frequency
of the measuring circuit should therefore be limited. In this thesis, the absolute
magnitude of the partial discharge is of a lesser importance as the goal is not to
test a component for partial discharges. The measurements on partial discharge
magnitude are done with the purpose of comparing the sensitivity of high fre-
quency couplers to that of conventional off-line techniques for partial discharge
detection. The source of all partial discharges in this thesis is artificial faults
at a known location, the end of a 12 kV XLPE cable. By injecting calibration
pulses at the same location as all subsequent partial discharges will occur, the
high frequency signals from the measuring shunt can be used to approximate
the magnitude of the partial discharges. This gives a much higher sensitivity as
shown when comparing the 100 kHz signal magnitude in Table 5.2 to the high
frequency measurements in Table 5.1.
70
5.2. Calibration
Pulse magnitude 5 pC 10 pC 20 pC 50 pC 100 pC
Pulse injected at coupling capacitor N/A N/A 1.8 mV 3 mV 6.4 mV
Pulse injected at far end of cable N/A N/A 1.2 mV 2.8 mV 6.24 mV
Table 5.2.: 100 kHz measured voltage pulse over the measuring impedance when
injecting a known charge from a calibrator
Figure 5.5.: 100 kHz measured voltage at IEC 60270 measuring impedance as a
function of injected charge at both ends of the cable
Based on the measurements a calibration constant of 4 pC/mV is used. This is
the average of the recorded calibration constant at 20, 50 and 100 pC. It should
be noted that the accuracy is only good enough to give a rough estimation of
the partial discharge magnitude. This is sufficient for the purpose it serves in
this thesis, but for more accurate quantitative measurements, a commercial pd
system such as for example Omicron MPD 600 should be used.
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5.3. Sensitivity of high frequency capacitive coupler
The noise level of the conventional partial discharge measuring circuit used was
rather high. Consequently, it was not possible to detect partial discharges with
a magnitude less than 10-20 pC. To be able to confirm with IEC 60270 it must
be possible to detect pulses with an apparent charge less than 5 pC. The reason
for the high levels of noise and the low sensitivity is probably due to the lack of
noise filtering and signal gating that purpose built commercial partial discharge
detection equipment feature.
The sensitivity of the high frequency capacitive coupler created was measured
by injecting known charges with the use of a calibrator in the same way as the
conventional measuring circuit was calibrated. The signal power was measured
using a trace detector that recorded the maximum signal power received at each
frequency during a two-minute period. Two sensors were tested. One placed
50 cm from the injected charge, the other 150 cm from the injected charge. As
shown in Figure 5.6 the sensor placed 50 cm from the injected charge was able
to detect an increase in the signal power already at the calibrator set at 1 pC.
Figure 5.6.: Measured maximum amplitude for sensors 50 cm and 150 cm away
from the injected pulse
As shown in Figure 5.7 the measured signal power show a clear dependency in the
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magnitude to the injected charge as controlled with the calibrator. The sensor
placed 150 cm from where the calibrator is connected showed a lower sensitivity
than the sensor placed 50 cm from the injected charge. As shown in Figure 5.6 a
clear increase in signal power is not detected until the calibrator is set to 5 pC.
Figure 5.7.: Measured maximum amplitude for sensors 50 cm and 150 cm away
from the injected pulse
5.4. High frequency attenuation
As discussed earlier, the sensitivity of the sensor placed 150 cm from the injected
charge is significantly lower than that of the sensor placed 50 cm from the injected
charge. As shown in Figure 5.7 the magnitude of the maximum received signal
power is highest for the sensor placed nearest the injected pulse.
It is also shown in Figure 5.8 that the frequency spectrum of the received signal
power also changes. The frequency at which the highest signal power is received
is lower for the sensor placed 150 cm from the injected pulse compared to the
one placed 50 cm from the injected pulse.
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Figure 5.8.: Measured maximum amplitude for sensors 50 cm and 150 cm away
from a 100 pC injected pulse
The change in maximum signal power and the frequency at which it occurs is
likely caused by high frequency attenuation as the pulse travel in the cable system
as described in Section 2.8. The change in signal amplitude is however signifi-
cantly higher that should be anticipated based on previous research. Based on
measured signal attenuation in medium voltage XLPE cables by Tozzi [50], the
attenuation should be small for such a short distance. In this frequency range,
attenuation of about 0.1 dB/m is expected. Based on the measured amplitudes
from the two sensors measured by the frequency analyzer the signal seems to
have attenuated approximately 1-2 dB as shown in Figure 5.9.
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Figure 5.9.: Measured attenuation based on maximum signal amplitude as a func-
tion of injected charge
The reason for this is undetermined. The same high attenuation was measured
for the conventional measuring shunt. As shown in Figure 5.4. It should be noted
that measuring the attenuation in a medium voltage cable is not the scope of the
thesis. The attenuation in a high voltage cable depends on a number of factors
as shown in Figure 5.10. It should also be noted that there are large variations in
measurements done on the high frequency attenuation in high voltage cables. As
an example other articles report that the attenuation can be as high as 1 dB/m
at 30 MHz [51], depending on the cable construction.
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Figure 5.10.: Dielectric contributions to the attenuation in a 12 kV XLPE cable
[46]
The construction of the cable is not identical to the one being tested in [46] and
difference in the thickness of the insulation, semi-conductive screens and radius
of the conductor may influence the high frequency attenuation. The biggest
difference between the cable tested in this thesis and many others are ground
sheath. The cable tested here have a ground sheath made out of aluminum film
in addition to a ground string running along the cable mounted directly on the
outside of the outer semi-conductive screen. The cable tested in [46] and [50]
uses an extra layer of between the outer semi-conductor and ground acting as a
screen bed. This material significantly affects the high frequency attenuation as
shown in 5.10. The maybe most important difference is that the screen bed will
reduce the capacitance of the cable as the distance between the ground sheath
and the conductor will increase.
5.5. Detecting corona and surface discharges in air
The sensor capability of detecting partial discharge activity was tested for among
others corona discharges in air and surface discharges in air.
Corona discharges were the first type of partial discharge activity to be tested. As
the voltage reached the partial discharge ignition voltage a sharp increase in the
signal power was detected by the spectrum analyzer. Corona discharges showed
up on the oscilloscope as clear Trichel pulses in the negative half period with a
constant amplitude and repetition rate as shown in Figure 5.11a.
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(a) IEC 60270 measured partial discharge ac-
tivity at 12.3 kV
(b) Measured maximum amplitude response
from corona discharges at 12.3 kV, sensor
50 cm from pd source
Figure 5.11.: Corona discharges at 12.3 kV measured by a conventional measuring
shunt compared to received power spectrum from a VHF capacitive
coupler
This is a characteristic feature of corona discharges. As shown in 5.11 the received
signal from pd activity is highest in the frequency span of 10 MHz to about 500
MHz. At frequencies above about 500 MHz, no partial discharge activity above
the background noise can be measured. A distinctive peak is measured at around
900 MHz. This corresponds well to noise from cellphones. Norwegian operators
utilize the 900 MHz and 1900 MHz band for mobile communication.
As shown in Figure 5.12a, when the voltage is increased from the partial dis-
charge ignition voltage, partial discharges occur in a wider part of the negative
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half period. This is due to the fact that the voltage now is above the partial dis-
charge ignition voltage for a longer period of time. The partial discharge signal
power from the high frequency coupler increases only slightly when increasing the
voltage from 12.3 kV to 16.4 kV as seen when comparing Figure 5.11b to Figure
5.12b.
(a) IEC 60270 measured partial discharge ac-
tivity at 16.4 kV
(b) Measured maximum amplitude response
from corona discharges at 16.4 kV, sensor
50 cm from pd source
Figure 5.12.: Corona discharges at 16.4 kV measured by a conventional measuring
shunt compared to received power spectrum from a VHF capacitive
coupler
This is a sign that the pulse repetition rate does not affect the maximum signal
power measured from the sensor to any significant degree. As shown in Figure
5.13, corona discharges show the same pattern of attenuation of the partial dis-
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charge signal as observed with the calibration pulses. This is most clearly shown
in the frequency range between 450 and 500 MHz.
(a) Measured maximum amplitude response
from corona discharges at 16.4 kV, sensor
50 cm from pd source
(b) Measured maximum amplitude response
from corona discharges at 16.4 kV, sensor
150 cm from pd source
Figure 5.13.: Comparison of received signal power for VHF coupler placed 50 cm
and 150 cm from discharge source
When attempting to initiate surface discharges, the partial discharge pattern
measured with the conventional measuring shunt is very different from corona
discharges. As shown in Figure 5.14, partial discharges are recorded both in
the positive and negative half period. The amplitude of the discharges in the
negative half period was slightly bigger than the discharges in the positive half
period. Two other significant differences when comparing the partial discharge
pattern to that of corona discharges is that the partial discharges occur more
sporadic and the magnitude of the discharges is voltage dependent. It should be
noted that due to the sporadic behavior compared to the corona discharges it
was not possible to get a clear view on the partial discharge pattern by using the
trigger function. The oscilloscope was set to a dot-display with the peak of the
signals captured. To get a stable pattern an observation time of two minutes was
used before the image was saved.
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(a) 2 kV (b) 3 kV (c) 4.2 kV
Figure 5.14.: Partial discharge activity from surface discharges as measured with
a conventional IEC 60270 type measuring shunt
The signal power received by the high frequency capacitive sensor shows a very
different pattern than the one for corona discharges as seen in Figure 5.15. The
most significant differences is that the signal magnitude is considerably larger
in the entire frequency span up to 1 GHz. Increasing the voltage is also shown
to increase the signal power to a much more significant degree than for corona
discharges. This fits well with the observations from the conventional measuring
shunt. As with the calibration pulse and the corona discharges it is also possible
here to observe an attenuation of the signal for the sensor placed 150 cm from
the discharge site. This is especially visible for the highest frequencies above 700
MHz.
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(a) Measured maximum amplitude response
from surface discharges at different volt-
ages, sensor 50 cm from pd source
(b) Measured maximum amplitude response
from surface discharges at different volt-
ages, sensor 150 cm from pd source
Figure 5.15.: Comparison of received signal power for VHF coupler placed 50 cm
and 150 cm from discharge source
5.6. Partial discharges in oil
When attempting to initiate partial discharges in oil, a breakdown test was first
done with all measuring equipment disconnected. Test was performed in Midel
7131 ester oil. The purpose of this test is to determine how high the voltage can be
raised during the partial discharge measurements without risking a breakdown,
which may damage the measuring equipment. When doing this a breakdown
occurred at approximately 11 kV. As seen in Figure 5.16, the breakdown caused
significant carbonization of the oil.
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Figure 5.16.: Breakdown in oil
Further examination of the cable showed that the breakdown had occurred on
the interface between the solid and oil causing a significant amount of tracking
on the XLPE insulation.
Figure 5.17.: Breakdown on solid-oil interface
Figure 5.18.: Breakdown on solid-oil interface after removal of the carbon residue.
The tracking path is marked in black
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The breakdown occurred at a voltage significantly lower than what was antici-
pated based on the measurements on breakdown in oil shown in Section 2.3. The
most probable reason for this is a trapped gaseous bubble either present on the
interface of the solid or originating from a bad seal between the ground electrode
and the outer semiconductor. After replacing the oil and cleaning the test cell,
the measuring equipment was reconnected. When attempting to measure par-
tial discharges in oil, no stable partial discharge activity were measured. Even
when exceeding the voltage where breakdown had occurred earlier. There may
be several reasons for not detecting any partial discharges for this geometry. It is
likely that the electric field distribution was too homogeneous for the geometry
tested. Partial discharges in oil are usually measured using a needle-plane gap
causing corona discharges in oil. If the electric field is too homogeneous, little
or no partial discharges may be detected before the point of breakdown. When
constructing high voltage equipment careful attention is taken to ensure that
there are no electric field ”hot-spots” with a very inhomogeneous field exist. In
a situation where the voltage is increased steadily until breakdown, an on-line
partial discharge measurement system may not indicate any problems before the
breakdown occur. It should however be noted that for subsea equipment in nor-
mal operation, breakdown would normally not occur as a result of an increasing
voltage, but rather outer factors such as water intrusion, particles in the insu-
lating fluid or tracking. When measuring partial discharge activity in oil over a
period of 10 minutes sporadic pulse trains were detected. In a 10 minute period
between 2 and 3 pulse trains would normally occur, each containing about 10-20
pulses.
Figure 5.19.: Partial discharges in oil
The pulse trains either occurred in the positive or negative half period as shown
in Figure 5.19. The origin of these pulse trains is not clear, but may be due to
83
5. Results and discussion
contaminants or air bubbles in the oil-gap causing a local field enhancement at
either the positive or negative electrode. The low repetition rate of the discharges
caused them to be difficult to detect with the high frequency capacitive coupler
and the spectrum analyzer. No activity above the noise floor was detected. It
is important to take into consideration that partial discharges in oil in general
have a lower repetition rate than what is usually the case for partial discharges in
air. When using a spectrum analyzer together with a high frequency capacitive
coupler as the one tested in this thesis, it may take longer for the image from the
spectrum analyzer to stabilize and a longer measurement period may be needed.
5.7. Effect of changing the sensor properties
As shown is Section 3.2 the stray capacitance of the sensor will have a significant
impact on the sensor performance. This was tested by changing the distance
from the sensor and the ground shield.
Figure 5.20.: Measured maximum amplitudes from surface discharges with vary-
ing stray capacitance
As shown in Figure 5.20, having a 2 cm gap between the sensor and ground
shield gives a significantly larger signal power than what is measured with the
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ground shield 0.5 cm from the sensor. The effect is shown to increase as the
frequency increases. Thus showing that the negative effect of the stray capaci-
tance is significantly higher at high frequencies. This corresponds well with the
simulated effect of charging the distance between the sensor and shield shown
in Figure 3.6 and Figure 3.7. The values of damping due to the increased stray
capacitance can not be directly be compared due to the capacitive properties of
the semi-conductive layers not being taken into consideration in the model. The
calculated stray capacitance is also not likely to be identical to the actual stray
capacitance. This is due to the stray capacitance in the model is calculated as
an infinitely long coaxial capacitor, thus neglecting the stray capacitance at the
edges of the sensor. The model is therefore only applicable as an indicator on
how the stray capacitance affects the sensor performance.
5.8. Implementation
The results in this thesis show that a high frequency capacitive coupler is able
to detect different partial discharges with a high sensitivity by the use of a spec-
trum analyzer. For application in an on-line condition monitoring system a full
spectrum analyzer might be too large and/or expensive.
As discussed in Section 2.7, there are several ways of which the signals from
the high frequency sensor can be measured and analyzed. As shown in Figure
3.1, the high frequency capacitive coupler is a compact device that can easily
be implemented in a connector assembly during production. The most sensible
place to put the sensor is on the female connector. The female connector is
usually placed on the subsea equipment, such as a pump or compressor. Normally
each pump or compressor has its own control module capable of analyzing and
processing the input from a range of sensors.
This control module communicates normally with topside either using fiber optics
or signal on power, enabling the operator to monitor the real-time operation of
the apparatus.
To integrate sensor data from high frequency couplers for partial discharge detec-
tion, new control module functionality is needed. In general the control module
is able to communicate with sensors using 4-20 mA current loops or digital buss
systems such as Ethernet or CANbus. The high frequency coupler therefore needs
a device that interfaces with the control system of the subsea equipment.
How this is done depends on the functionality needed. The simplest solution
would be a compact device that acts as a radio receiver and samples the signal
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magnitude, as discussed in Section 2.6. This signal magnitude can be communi-
cated to the control system by the use of a 4-20 mA current loop. The control
system of the apparatus can then analyze and trend the signal magnitude and
communicate this to the operator topside. Preferably this is presented as a sim-
ple condition indicator that even an operator with no knowledge of high voltage
engineering can understand. This device can either be placed inside the control
system of the apparatus or as a separate device.
Another solution could be to have a more complex device that analyzes the
signal and acts as a spectrum analyzer, with functionality similar to the PDS100
from Doble Engineering. This device can possibly interface with the control
system using Ethernet and the received power spectrum from the sensor can be
communicated to topside enabling more advanced diagnostics. Trending of the
signal magnitude at a given frequency can be done the same way as for a simple
fixed radio receiver.
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In this thesis, condition-monitoring solutions for subsea connectors have been
discussed and tested. Experiments have shown that high frequency couplers can
be used to detect partial discharges. Tests on the sensitivity of the couplers
when injecting a known charge have shown that injected charges down to 2 pC
can be detected. The received power of the sensor when coupled to a spectrum
analyzer has been shown to be strongly dependent on the magnitude of the partial
discharges. In addition, it has been observed that the type of discharge affects
the frequency spectrum. Most of the received power from corona discharges is
observed in the 10 MHz to 500 MHz range. Surface discharges in air on the
other hand can be detected in the entire frequency band from 10-1000 MHz.
Two sensors placed at different lengths from the partial discharge source were
used. It was shown that the high frequency components of the partial discharge
signal will attenuate significantly when traveling in the cable. The attenuation
measured was higher than what was anticipated from earlier research. The reason
for this in unclear, but one should keep in mind that the differences in cable
construction might be significant. In order to give a good approximation on
the attenuation, the high frequency dielectric properties of the semi-conductive
layers must be measured. For the purpose of detecting partial discharge activity
in subsea connectors, the attenuation may to some degree be beneficial as the
measurement is localized to discharge sites close to the sensor. It should also be
mentioned that the RF noise is expected to be significantly lower subsea, thus
increasing the signal to noise ratio. Better sensitivity might also be achieved by
using an amplifier.
In an attempt to test a geometry similar to that of a subsea connector, a test
setup consisting of a medium voltage cable with end immersed in an oil bath
was created. Partial discharges were found to be difficult to detect compared to
the experiments on discharges in air. Only periodic pulse trains were observed
up to the point of breakdown. The pulse trains consisted of 10-20 observable
discharge pulses in rapid succession every couple of minutes. Sometimes occurring
in the positive half period, sometimes in the negative half period. The high
frequency capacitive couplers were not able to detect the discharges. This was
likely due to the low repetition rate of the partial discharge pulses. For the
measurements, a sweeping spectrum analyzer was used. This works essentially
87
6. Conclusion
as a super heterodyne radio receiver. The input signal is mixed together with a
local oscillator that sweeps over the entire frequency range. The amplitude of the
signal is then plotted for each frequency in which the analyzer sweeps through.
Due to the method in which the analyzer sweeps through the frequency range,
the analyzer might be sweeping a different part of the frequency spectrum at the
exact time at which the partial discharges occur. It will therefore be difficult to
detect periodic pulse trains of partial discharges with a long time between each
pulse train. The origin of the partial discharge pulse trains may be associated
with contaminants such as particles or gaseous bubbles in the oil. The electric
field close at the contaminant will be enhanced thus creating an electric field
hot-spot.
Based on the results in this thesis it is suggested that a condition monitoring
system consisting of a capacitive thin-film moisture sensor combined with a high
frequency capacitive coupler may give a good indication on the most probable
causes of failure in a subsea connector. The capacitive coupler may be integrated
in the connection between the high voltage cable and the connector. The re-
sults suggest that it may be possible to use a device similar to a radio receiver
to detect partial discharge activity using the high frequency capacitive coupler.
Thus creating a compact and inexpensive solution for on-line partial discharge
monitoring of a subsea connector.
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This thesis has shown that it is possible to detect partial discharges by using
high frequency capacitive couplers mounted on the outside of the outer semi-
conductive screen. The sensitivity of the capacitive couplers is shown to be
sufficient to detect partial discharges with an apparent charge down to 2 pC, given
that the discharges occur close to the capacitive coupler. The high frequency
capacitive couplers have a very slim physical footprint and can be used during
normal operation without affecting the insulation system of the cable. This makes
them very suitable for integration into high voltage accessories such as a subsea
wet-mate connector where the cost of an unexpected failure is very high, making
preventive maintenance attractive. Using a spectrum analyzer, the signal power
from the capacitive couplers has been measured for different types of partial
discharge. This have shown that the frequency spectrum of the partial discharges
depends on the type of discharge, with corona discharges in air only detectable
in the frequency band up to 500 MHz. Surface discharges in air on the other
hand is possible to detect in the entire frequency spectrum up to 1 GHz. The
next step in developing an on-line partial discharge detection system using the
VHF capacitive coupler would be to construct and test a radio receiver capable
of detecting the partial discharges. A tunable radio receiver could be tuned to
a frequency band with high signal to noise ratio and the output of the radio
receiver could be sampled using an ADC. The sampled signal can be used to
trend the development in signal power received. A steady increasing signal power
would indicate that partial discharges of increasing intensity is taking place in the
vicinity of the capacitive coupler. A gradual increase in partial discharge activity
is a clear indicator that the component could be facing an imminent failure. In
a subsea environment, very little external radio noise is to be expected. This
would probably enable the possibility of using the FM band. This would limit
the development cost of the solution, as tunable radio receivers in this band
are mass produced and very cheap. As a first test, it would be interesting to
simply connect the capacitive coupler to the antenna input on a simple FM
radio and try to sample the output from the radio using either a commercial
ADC or a micro controller such as an Arduino. Typical design parameters that
should be tested are sampling rate needed to detect the partial discharges and
methods for processing the sampled values. If good results are achieved this
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will constitute a very low cost, low footprint partial discharge detector that are
capable of being integrated in a wide array of different subsea components for
on-line partial discharge detection and trending.
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A. Calibration of IEC 60270 partial
discharge measuring circuit
A.1. Pulse injected at the capacitor end of the cable
Figure A.1.: Measured voltage over the measuring shunt 10 pC injected at the
capacitor end of the cable
III
A. Calibration of IEC 60270 partial discharge measuring circuit
Figure A.2.: Measured voltage over the measuring shunt 20 pC injected at the
capacitor end of the cable
Figure A.3.: Measured voltage over the measuring shunt 50 pC injected at the
capacitor end of the cable
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A.1. Pulse injected at the capacitor end of the cable
Figure A.4.: Measured voltage over the measuring shunt 100 pC injected at the
capacitor end of the cable
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A. Calibration of IEC 60270 partial discharge measuring circuit
A.2. Pulse injected at the open circuited end of
cable
Figure A.5.: Measured voltage over the measuring shunt 20 pC injected at the
open circuit end of cable
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A.2. Pulse injected at the open circuited end of cable
Figure A.6.: Measured voltage over the measuring shunt 50 pC injected at the
open circuit end of cable
Figure A.7.: Measured voltage over the measuring shunt 100 pC injected at the
open circuit end of cable
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B. High frequency capacitive
coupler response to injected
pulses
B.1. Pulse injected 50 cm from sensor
Figure B.1.: Measured maximum amplitude at different frequencies when inject-
ing 1 pC
IX
B. High frequency capacitive coupler response to injected pulses
Figure B.2.: Measured maximum amplitude at different frequencies when inject-
ing 2 pC
Figure B.3.: Measured maximum amplitude at different frequencies when inject-
ing 5 pC
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B.1. Pulse injected 50 cm from sensor
Figure B.4.: Measured maximum amplitude at different frequencies when inject-
ing 10 pC
Figure B.5.: Measured maximum amplitude at different frequencies when inject-
ing 20 pC
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B. High frequency capacitive coupler response to injected pulses
Figure B.6.: Measured maximum amplitude at different frequencies when inject-
ing 50 pC
Figure B.7.: Measured maximum amplitude at different frequencies when inject-
ing 100 pC
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B.2. Pulse injected 150 cm from sensor
B.2. Pulse injected 150 cm from sensor
Figure B.8.: Measured maximum amplitude at different frequencies when inject-
ing 1 pC
Figure B.9.: Measured maximum amplitude at different frequencies when inject-
ing 2 pC
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B. High frequency capacitive coupler response to injected pulses
Figure B.10.: Measured maximum amplitude at different frequencies when inject-
ing 5 pC
Figure B.11.: Measured maximum amplitude at different frequencies when inject-
ing 10 pC
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B.2. Pulse injected 150 cm from sensor
Figure B.12.: Measured maximum amplitude at different frequencies when inject-
ing 20 pC
Figure B.13.: Measured maximum amplitude at different frequencies when inject-
ing 50 pC
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B. High frequency capacitive coupler response to injected pulses
Figure B.14.: Measured maximum amplitude at different frequencies when inject-
ing 100 pC
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B.3. Measurements in the time domain
B.3. Measurements in the time domain
Figure B.15.: Measured voltage in the time domain for a injected charge of 20 pC,
high frequency capacitive coupler placed 150 cm from the injected
charge
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B. High frequency capacitive coupler response to injected pulses
Figure B.16.: Measured voltage in the time domain for a injected charge of 20 pC,
high frequency capacitive coupler placed 150 cm from the injected
charge
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B.3. Measurements in the time domain
Figure B.17.: Measured voltage in the time domain for a injected charge of 50 pC,
high frequency capacitive coupler placed 150 cm from the injected
charge
XIX
B. High frequency capacitive coupler response to injected pulses
Figure B.18.: Measured voltage in the time domain for a injected charge of 50 pC,
high frequency capacitive coupler placed 150 cm from the injected
charge
XX
B.3. Measurements in the time domain
Figure B.19.: Measured voltage in the time domain for a injected charge of 100
pC, high frequency capacitive coupler placed 150 cm from the in-
jected charge
XXI
B. High frequency capacitive coupler response to injected pulses
Figure B.20.: Measured voltage in the time domain for a injected charge of 100
pC, high frequency capacitive coupler placed 150 cm from the in-
jected charge
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C. Corona discharges in air
C.1. Conventional measuring shunt
Figure C.1.: Corona discharges at 12.3 kV, measured with oscilloscope and a
measuring shunt
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C. Corona discharges in air
Figure C.2.: Corona discharges at 14.3 kV, measured with oscilloscope and a
measuring shunt
Figure C.3.: Corona discharges at 16.4 kV, measured with oscilloscope and a
measuring shunt
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C.2. High frequency capacitive coupler mounted 50 cm from the partial discharge source
C.2. High frequency capacitive coupler mounted 50
cm from the partial discharge source
Figure C.4.: Measured signal power from partial discharges at 12.3 kV, measured
with the spectrum analyzer and the high frequency capacitive cou-
pler
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C. Corona discharges in air
Figure C.5.: Measured signal power from partial discharges at 14.3 kV, measured
with the spectrum analyzer and the high frequency capacitive cou-
pler
Figure C.6.: Measured signal power from partial discharges at 16.4 kV, measured
with the spectrum analyzer and the high frequency capacitive cou-
pler
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C.3. High frequency capacitive coupler mounted 150 cm from the partial discharge source
C.3. High frequency capacitive coupler mounted 150
cm from the partial discharge source
Figure C.7.: Measured signal power from partial discharges at 12.3 kV, measured
with the spectrum analyzer and the high frequency capacitive cou-
pler
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C. Corona discharges in air
Figure C.8.: Measured signal power from partial discharges at 14.3 kV, measured
with the spectrum analyzer and the high frequency capacitive cou-
pler
Figure C.9.: Measured signal power from partial discharges at 16.4 kV, measured
with the spectrum analyzer and the high frequency capacitive cou-
pler
XXVIII
C.4. Time domain measurements of the high frequency capacitive couplers for corona discharges
C.4. Time domain measurements of the high
frequency capacitive couplers for corona
discharges
Figure C.10.: Partial discharge activity at 12 kV for a scissor hanging from the
conductor
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C. Corona discharges in air
Figure C.11.: Partial discharge activity at 12 kV measured in the time domain
using conventional measuring shunt and high frequency capacitive
coupler
Figure C.12.: Partial discharge activity at 12 kV measured in the time domain
using conventional measuring shunt and high frequency capacitive
coupler
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D. Surface discharges in air
D.1. Conventional measuring shunt
Figure D.1.: Surface discharges at 3 kV, measured with oscilloscope and a mea-
suring shunt
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D. Surface discharges in air
Figure D.2.: Surface discharges at 3.5 kV, measured with oscilloscope and a mea-
suring shunt
Figure D.3.: Surface discharges at 4.2 kV, measured with oscilloscope and a mea-
suring shunt
XXXII
D.2. High frequency capacitive coupler mounted 50 cm from the partial discharge source
D.2. High frequency capacitive coupler mounted 50
cm from the partial discharge source
Figure D.4.: Measured signal power from surface discharges measured with the
spectrum analyzer and the high frequency capacitive coupler
XXXIII
D. Surface discharges in air
D.3. High frequency capacitive coupler mounted 50
cm from the partial discharge source
Figure D.5.: Measured signal power from surface discharges measured with the
spectrum analyzer and the high frequency capacitive coupler
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